cDNA encoding the bound type trehalase of the European honeybee was cloned. The cDNA (3,001 bp) contained the long 5 0 untranslated region (UTR) of 869 bp, and the 3 0 UTR of 251 bp including a poly(A) tail, and the open reading frame of 1,881 bp consisting of 626 amino acid residues. The M r of the mature enzyme comprised of 591 amino acids, excluded a signal sequence of 35 amino acid residues, was 69,177. Six peptide sequences analyzed were all found in the deduced amino acid sequence. The amino acid sequence exhibited high identity with trehalases belonging to glycoside hydrolase family 37. A putative transmembrane region similar to trehalase-2 of the silkworm was found in the C-terminal amino acid sequence. Recombinant enzyme of the trehalase was expressed in the methylotrophic yeast Pichia pastoris as host, and displayed properties identical to those of the native enzyme except for higher sugar chain contents. This is the first report of heterologous expression of insect trehalase.
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Key words: trehalase; honeybee; cDNA; heterologous expression Trehalases (,-trehalase, ,-trehalose glucohydrolase, EC 3.2.1.28) are widely distributed in microorganisms, 1, 2) plants, 3, 4) invertebrates, [5] [6] [7] and vertebrates. [8] [9] [10] The primary structures of trehalase reported are classified into two groups: glycoside hydrolase family 37 (GH37) 11) for most of trehalases, and GH65 for some acid trehalases together with phosphorylases. (Carbohydrate Active Enzymes database, http://www. cazy.org/)
12) The physiological function of the enzyme is, however, poorly characterized. In insects, the soluble and bound forms of trehalases are localized in haemolymph and tissues, respectively. The blood sugar of insects is generally known to be trehalose, but glucose and fructose, other than trehalose, have been also found as blood sugar constituents in the haemolymph of the honeybee. 13) The trehalase in the honeybee haemolymph is regarded as significant in that it supplies glucose by splitting trehalose.
Trehalase is a typical anomer-inverting (!) -glucoside hydrolase catalyzing the hydrolysis of the -glucosidic O-linkage of ,-trehalose to releaseglucose and -glucose in equal proportion. 13) The substrate specificity is considered to be extremely high and specific to only ,-trehalose in natural sugars, but some trehalases from different sources, 14) for instance, Pseudomonas fluorescens, cockchafer Melolontha vulgaris, and porcine and human kidneys, hydrolyze specially synthesized substrates, -D-glucopyranosyl -D-allopyranoside, -D-glucopyranosyl -D-galactopyranoside, -D-glucopyranosyl -D-xylopyranoside, and -D-glucopyranosyl 6-deoxy--D-glucopyranoside. Particularly, P. fluorescens trehalase shows high hydrolytic activities toward the -galactoside more than toward trehalose. In addition, it has been reported that synthetic -glucosyl fluoride is a substrate for Trichoderma reesei trehalase releasing -glucose, and that the double bond of synthetic D-gluco-octenitol also is hydrated by the same enzyme to give 1,2-dideoxy-D-gluco-octulose. 15) Recently, the overall genomic sequences of the European honeybee, Apis mellifera L., have been presented. 16) In the honeybee genome consisting of 17 17) and also in the silkworm Bombyx mori.
18) The silkworm trehalase-2 (bound type) possessing a putative hydrophobic transmembrane region on the C-terminal side of the amino acid sequence, 7) as well as the trehalase of the brine shrimp Artemia franciscana, 19) is considered to be anchored to cell membrane by penetration of the specific hydrophobic region into the membrane, 20) while the trehalases of rabbit and human are bound to the brash-border membrane via glycosylphosphatidylinositol. 21, 22) In our previous paper, 13) the bound trehalase was purified from the European honeybee, and the kinetic study indicated that two carboxy groups were involved directly in the catalysis as catalytic ionizable groups, but the catalytic amino acid residues are obscure in all of the GH37 enzymes. In addition, a structural feature of honeybee trehalase contributing to membrane-binding also remains to be determined. Heterologous production of recombinant enzyme allows one to analyze these interesting structural elements by constructing mutated trehalase. A methylotrophic yeast Pichia pastoris is widely utilized in the production of recombinant proteins under the control of the methanol-inducible AOX1 promoter, and allowed us to form some recombinant enzymes. [23] [24] [25] The paper describes the molecular cloning of cDNA encoding the bound type of honeybee trehalase and successful heterologous expression of the enzyme in P. pastoris as a host, though the recombinant protein was not produced in the Escherichia coli system. This is the first report of successful production of recombinant enzyme among insect trehalases.
Materials and Methods
Honeybees and enzymes. Honeybees were purchased from a beekeeper in Ishikari, Japan, and kept in hives on the campus of Hokkaido University. They were frozen with liquid nitrogen and stored at À80 C, and used as occasion demanded. Trehalase was purified as described previously.
13)
Strains and plasmid. E. coli NM522, JM109, and DH5 were used for DNA manipulation. pBluescript II SK(+) (Stratagene Cloning System, La Jolla, CA, USA) was used as a cloning vector. Plasmid DNA was prepared from E. coli cells by the alkaline/SDS method, followed by polyethylene glycol-NaCl precipitation. P. pastoris GS115 (Invitrogen, Carlsbad, CA, USA) and plasmid pPICZA (Invitrogen) were used as a host and a vector for the recombinant enzyme production, respectively.
Analysis of amino acid sequence. Purified trehalase (1.6 nmol) was reduced and S-pyridylethylated with 150 mM 2-mercaptoethanol and 150 mM 4-vinylpyridine in 0.5 M Tris-HCl (pH 8.5) containing 8 M urea and 10 mM EDTA. After it was adjusted to pH 4.5 with acetic acid, the protein solution was dialyzed to 20 mM sodium acetate buffer (pH 4.5) and dried. The S-pyridylethylated protein was throughly dissolved in 0.2 M Tris-HCl (pH 9.0) containing 8 M urea, and incubated at 37 C for 2 h. To the solution diluted 2-fold with the same buffer without urea, lysyl endopeptidase (Wako Pure Chemical Industries, Osaka, Japan), 1/50 by weight of trehalase, was added, and then the solution was incubated at 37 C for 24 h. The peptides were isolated from the digest by reverse phase high-performance liquid chromatography (RP-HPLC) on a C8 column (Cosmosil 5C 8 -AR-300 Packed Column, 0:46 Â 15 cm, Nacalai Tesque, Kyoto, Japan) using a gradient of 0-50% acetonitrile in 0.1% trifluoroacetic acid at 50 C. The sequence analysis was performed on an Applied Biosystem model 477A protein sequencer with on-line phenylthiohydantoin amino acid analyzer model 120A (Applied Biosystems, Foster City, CA, USA). To determine the N-terminal amino acid sequence of the trehalase, the enzyme was transferred electrophoretically onto a polyvinylidene difluoride (PVDF) membrane (Problott, Applied Biosystems) after SDS-polyacrylamide gel electrophoresis (SDS-PAGE), or blotted directly on a PVDF membrane using a ProSorb apparatus (Applied Biosystems).
Oligonucleotides. Oligonucleotides were all synthesized by Sigma Genosys (Steinheim, Germany) or Invitrogen, and were used as primers in polymerase chain reactions (PCRs). Degenerated oligonucleotides were designed based on the amino acid sequences of the peptides isolated, with reference to the codon preference in B. mori. All oligonucleotides used in this study are listed in Table 1 .
Construction of cDNA library. Fresh honeybees were homogenized using Polytron in liquid nitrogen. Total RNA was extracted by the acid guanidine thiocyanatephenol-chloroform method, 26) and poly (A) þ RNA was isolated using Oligotex-dT30 Super (Takara Bio, Otsu, Japan). Single-stranded cDNA was synthesized using Superscript Choice System for cDNA Synthesis Kit (Life Technologies, Rockville, MD, USA), where AP or AP2 was used as a primer (see Table 1 for sequences). After reverse transcription, the template mRNA was hydrolyzed by RNase H, and the hydrolysate was removed by ethanol precipitation.
PCR amplifying cDNA. A part of the cDNA was amplified by reverse transcription PCR (RT-PCR) using Taq polymerase (Life Technologies) and primers P-91 and P-81 ( Table 1 ). The procedures for amplification were repeated 30 times under thermal conditions of 94 C for 1 min, 55 C for 2 min, and 72 C for 4 min. The amplified product (designated frg-P91-P81, cover-ing 1,407-2,200 of the full-length cDNA) was eluted from agarose gel and subcloned into the EcoRV site of pBluescript SK II(+) for sequencing.
Rapid amplification of cDNA ends (RACE). The 5 0 and 3 0 ends of the cDNA were amplified using synthetic specific primers (Table 1) by conventional RACE methods. 27) 3 0 RACE was done using the single-stranded cDNA pools extended from the AP primer as template and the cDNA specific-primer, HBT1, and AP. KODPlus-DNA polymerase (Toyobo, Osaka, Japan) was employed, and the procedures were repeated 25 times under thermal conditions of 94 C for 1 min, 53 C for 30 s, and 68 C for 90 s. Subsequent nested PCR using HBT5 and AUAP primers generated a single band DNA fragment (designated frg-HBT5-AUAP, covering 1,898-2,725 of the full-length cDNA). Another 3 0 RACE was done using the single-stranded cDNA extended from AP2 as a template and HBT5 and AUAP2 primers, followed by nested PCR with HBT7 and AUAP2 to generate a DNA fragment (designated frg-HBT7-AUAP2, covering 2,541-3,001 of the full-length cDNA). As for 5 0 RACE, the template cDNAs were treated with terminal deoxynucleotidyl transferase to extend poly(A) at their 3 0 ends. The PCR mixture containing HBT2 and AP primers was incubated at 50 C for 2 min and then at 68 C for 40 min, prior to the same thermal cycles as in 3 0 RACE, but at 50 C instead of 53 C. The nested PCR with HBT6 and AUAP primers generated a DNA fragment (designated frg-HBT6-AUAP, covering 1-1,641 of the cDNA). The amplified double-stranded cDNAs were all subcloned into pBluescript II SK(+) at the EcoRV site and sequenced.
DNA sequencing. Plasmids harboring DNA were propagated in E. coli cells and prepared. The insert DNA was sequenced by the dideoxy chain termination method 28) using BigDye Terminator Cycle Sequencing Kit with an ABI PRISM 310 Genetic Analyzer (Applied Biosystems).
Construction of expression plasmids. The 4 cDNA fragments were amplified using 4 pairs of primers: HBTs 8 and 6, HBTs 9 and 10, HBTs 11 and 12, and HBTs 7 and 13, together with template plasmid DNAs harboring frg-HBT6-AUAP, frg-P91-P81, frg-HBT5-AUAP, and frg-HBT7-AUAP2, respectively, and assembled into one piece by PCR as follows. The 4 DNA fragments recovered using PCR Purification Kit (Qiagen, Hilden, Germany) were annealed by a gradual decrease from 94 C to 37 C, and incubated at 74 C for 10 min, followed by 20 repeats of the thermal cycle of 98 C for 15 s, 65 C for 2 s, and 74 C for 30 s in the presence of HBTs 8 and 13. KOD DNA polymerase (Toyobo) was employed for all PCRs. The generated DNA of 2,118 bp was subcloned into pBluescript II SK(+) at the EcoRV site, and used as a template in the a Nucleotide number is shown in Fig. 2 . b P-91 and P-81, oligonucleotides synthesized based on the amino-acid sequences of PE-91 and PE-81 in Table 2 , respectively, and including inosine (I). c Extra 4, 12, 8 and 10 nucleotides were at the 5 0 ends of HBT8, HBT15, HBT16 and HBT17, respectively. d Original T was replaced by C with underline to eliminate the EcoRI site. e Sequences with underlines indicate the restriction sites (NotI in HBT15 and HBT17, and EcoRI in HBT16) for construction of expression plasmids pHBT1 and pHBT2.
subsequent PCRs in the construction of expression plasmids. The internal EcoRI site was eliminated by PCR using primers of HBTs 14 and 15, without any change in the encoded amino acids. Megaprimer PCR 29) using HBT16 generated the full-length DNA, carrying EcoRI and NotI sites introduced into the 5 0 and 3 0 ends by HBTs 16 and 15, respectively. The DNA was cleaved by EcoRI and NotI and ligated in the same restriction sites of pPICZA to generate pHBT2 as an expression plasmid for a His-tagged trehalase. In order to synthesize a non-His-tagged enzyme, a DNA fragment was generated using pHBT2 as template by PCR using HBTs 16 and 17, the latter of which contained the stop codon and a NotI site in the antisense sequence. The DNA was ligated into pPICZA at the EcoRI and NotI sites to generate pHBT1 for the production of trehalase without the tag. The plasmids constructed were sequenced in both directions to confirm no PCR error in the sequences.
Production of recombinant enzyme in P. pastoris transformant. Transformation of P. pastoris GS115 with BstXI-linealized pHBTs 1 and 2 was done by electroporation using Gene Pulser II (Bio-Rad, Richmond, CA, USA) according to the recommendations from Invitrogen, and generated zeocin-resistant transformants were selected on YPDS plates (1% Bacto yeast extract, 2% Bactopeptone, 2% glucose, and 1 M sorbitol) containing 100 mg/ml zeocin. P. pastoris transformants grown in BMGY (1% yeast extract, 2% peptone, 0.67% yeast nitrogen base; Difco, BD, Franklin Lakes, NJ, USA; 0.1 mg/ml biotin, and 100 mM potassium phosphate buffer, pH 6.0) at 30 C for 1 d were pelleted and resuspended in induction medium BMMY (as BMGY, except for 0.5% methanol replacing glycerol) or BMMH (as BMMY, except for 0.004% histidine instead of yeast extract).
Purification of recombinant non-tagged trehalase. Recombinant trehalase was purified from 75 ml of BMMH after induction culture at 25 C for 135 h. The supernatant was clarified by centrifugation (4;500 Â g, 10 min, 4 C) and concentrated to 30 ml on YM30 Ultracel (Millipore, Bedford, MA, USA), followed by dialysis against 10 mM sodium phosphate buffer (pH 6.6; buffer A). The enzyme was subjected to a column (1:6 Â 13 cm, 26 ml) of DEAE Sepharose Fast Flow (Amersham Pharmacia Biotech, Piscataway, NJ, USA) preequilibrated with the buffer A, and eluted with a linear gradient of NaCl (0 to 100 mM). The active fractions were pooled and concentrated down to 1 ml and then subjected to gel-permeation chromatography on a column (2 Â 46 cm, 145 ml) of Sephacryl S-100 preequilibrated with the buffer A containing 50 mM NaCl. The pooled activity was dialyzed against the buffer A, concentrated by Centriprep YM-30 (Millipore), and stored at 4 C until use.
Protein and sugar concentrations. Protein concentration was determined by quantification of each amino acid by the ninhydrin colorimetric method using JLC-500/V (Jeol, Tokyo, Japan) after hydrolysis of 30 mg of the purified enzymes in 6 N HCl at 110 C for 24 h, by reference of the amino acid composition based on the protein sequence. The sugar content of purified recombinant trehalase (10 mg) was measured by the phenol-sulfuric acid method. 30) Deglycosylation of intact recombinant trehalase (2 mg) was performed by endoglycosidase H (5 mU; Roche Molecular Biochemical, Basel, Switzerland) at 37 C for 20 h in 0.05 M sodium acetate buffer (pH 5.5). N-Glycan of recombinant trehalase (10 mg) denatured by boiling for 3 min in 0.05% SDS was also removed by endoglycosidase H under the same conditions with 0.1% SDS.
Enzyme assay. The initial velocity of trehalose hydrolysis was determined in the reaction mixture (100 ml) consisting of 5.8 mM trehalose (Nacalai Tesque), 50 mM sodium phosphate buffer (pH 6.6), 0.01% Triton X-100, and enzyme (3 mU or less) incubated at 35 C for an appropriate time. The reaction was terminated by heating at 95 C for 3 min. Released glucose was determined by the Tris-glucose oxidase-peroxidase method using Glucose AR-II (Wako Pure Chemical Industries). One unit of activity was defined as the amount of enzyme that hydrolyzes 1 mmol of trehalose in 1 min under the above conditions. For thermal stability, the enzyme (60 ng/ml) was kept in 83 mM sodium phosphate buffer (pH 6.6) and 0.03% Triton X-100 at various temperatures C, 8 points) for 15 min, and residual activities were determined. The range of pH stability was determined by keeping the enzyme (0.46 mg/ml) at 4 C for 24 h in Britton-Robinson buffer, which was prepared by adding 200 mM NaOH to a mixture of phosphoric acid, acetic acid, and boric acid (40 mM each) to adjust the pH (pH 2.2-13.2, 12 points), followed by measurement of residual activities. Optimum pH was determined under the standard assay conditions, but Britton-Robinson buffer (40 ml buffer/ 100 ml reaction mixture; pH 2.6-10.8, 14 points) was used instead of sodium phosphate buffer. For kinetic parameters, the initial velocities for the hydrolysis of trehalose (0.2-2.0 mM, 8 points) were measured under the standard assay conditions, and fitted to the Michaelis-Menten equation.
Results and Discussion
cDNA cloning of trehalase Trehalase purified from honeybees 13) was subjected to SDS-PAGE, and a single band at M r 69,000 visualized on the PVDF membrane after electroblotting was excised and subjected to the N-terminal sequence analysis ( Table 2 ). The internal amino acid sequences of 5 peptides isolated from lysyl endopeptidase digest by RP-HPLC are listed in Table 2 , together with the N-terminal sequence of the mature enzyme. Cloning of the trehalase cDNA was carried out by a combination of RT-PCR and RACE. First, RT-PCR using a pair of degenerate primers, P-91 and P-81, designed based on the sequences of peptides PE-91 and PE-81, respectively, gave a cDNA fragment covering the region from 1,407 to 2,200 in the full-length cDNA (Fig. 1) . By subsequent 5 0 and 3 0 RACE, 3 DNA fragments, of 1,642 bp between the 5 0 end of the cDNA and HBT6, of 827 bp between HBT5 and AUAP, and of 461 bp between HBT7 and the 3 0 end of the cDNA, were obtained, where AUAP was mis-annealed in the middle of the cDNA, not at the target priming site prepared by the AP primer in the reverse transcription reaction. From the four partially overlapping DNA fragments, the full-length cDNA coding for trehalase was determined (Fig. 1) . The cDNA of 3,001 bp (DDBJ accession number, AB301556) had the open reading frame (ORF) of 1,881 bp, the long 5 0 flanking untranslated region (UTR) of 869 bp, where no alternative start codon to extend the ORF was found, and the 3 0 UTR of 251 bp including the continuous 18 adenine residues as a poly(A) tail at the 3 0 end. The ORF encoded a protein consisting of 626 amino acid residues (UniProt accession number, P85151), of which the M r was 72,816. The partial amino acid sequences of the peptides isolated from the trehalase protein (Table 2) were all found in the deduced amino acid sequence. The N-terminal sequence, PE-N in Table 2 , of the trehalase was found in the sequence from Glu36, indicating that the protein was produced as an immature form possessing the N-terminal signal sequence, Met1-Ala35. This agreed with the theoretical prediction.
31) The mature M A S S C S I R C G 10 Table 2 , including N-terminal amino acid of the mature enzyme, are shown in bold-face. The signal peptide cleavage site is indicated by an arrowhead. The amino acid sequences in boxes indicate the putative N-glycosylation motifs (N-Xa.a.-S/T, where Xa.a. is amino acid except for Pro). The possible transmembrane region close to the C-terminus is shown by a dotted line.
form, after removal of the signal peptide, was made up of 591 amino acid residues, and the molecular weight was calculated to be 69,177. This value was compatible with that of 69,000 estimated by SDS-PAGE for the honeybee trehalase. 13) Six potential N-glycosylation sites (N-Xa.a.-T or S, Xa.a.: amino acid except for Pro; boxed in Fig. 1) were found in the deduced amino acid sequence.
As mentioned above, the overall genome sequence of the European honeybee has recently been presented by the genome project.
16) The cDNA sequence in Fig. 1 was in agreement with the sequence in chromosome LG2 registered as LOC410795, and the gene was confirmed to be made up of 7 exons and 6 introns (Fig. 2) . The exons 1 to 7 corresponded to 198 -997, 998-1,780, 1,781-1,914, 1,915-2,468, 2,469-2,716, and 2,717-2,983 in the cDNA sequence, respectively. All of the exon-intron splice junctions followed the GT-AG rule, 32) and the introns were 937, 1,525, 73, 271, 105, and 8,773 bp in size, although intron 6 still contains unidentified nucleotides in the currently available sequence data (Amel4). The ORF of the cDNA positioned in 870-2,750 ranged from a 3 0 end part of exon 2 to a 5 0 end part of exon 7 (Fig. 2) . The putative mRNA sequence predicted by the genome project (XM 394271.3) is almost identical to the cDNA, but is missing the sequence derived from exon 7. This results in truncation of 10 amino acids from the C-terminus in the project-predicted trehalase (XP 394271.3). Our cDNA sequence demonstrated explicitly the involvement of exon 7 in the trehalase gene. There are some differences in nucleotide sequence between our cDNA sequence and the project data, but all of them occur in the UTRs except for a nucleotide at 1655, which is a silent mutation. The protein sequence deduced from our cDNA data is therefore identical to that from the genome sequence of project, and is concluded to be coded on chromosome LG2. On the other hand, the other putative trehalase encoded on chromosome LG14 (XP 393963.2) shows 42% amino acid sequence identity (Fig. 3) , and was definitely different from the trehalase encoded by the cDNA of this study.
Homologs of the trehalase
The amino acid sequence deduced from the cDNA exhibited similarity to GH37 trehalases, but no significant similarity to GH65 enzymes or others. Figure 3 shows the multiple alignment of the sequences for our honeybee LG2 trehalase and the honeybee trehalase homolog in LG14, together with those for 7 representative trehalases from GH37. The honeybee trehalase showed amino acid identity to the GH37 trehalases from silkworm B. mori (39 and 51% to trehalase-1 33) and -2, 7) respectively), human 34) (40%), rabbit 22) (40%), and mealworm beetle Tenebrio molitor 35) (39%), brine shrimp A. franciscana 19) (38%), and E. coli (TreA, 36) 28%). Therefore, the honeybee trehalase as well as the homolog of LG14 was categorized as a new GH37 member based on amino acid sequence similarity. Our previous paper 13) suggested that two carboxy groups derived from Asp or Glu were directly involved in the catalytic reaction of the honeybee trehalase as the general acid catalyst and the general base. The outcome of multiple alignment not only for the sequences shown in Fig. 3 but also for all GH37 enzymes registered to date reveals that 6 acidic residues, marked by closed circles in Fig. 3 , were highly conserved. The Asp and Glu feasible as candidates for catalytic residues were Glu184, Asp189, Glu267, Asp335, Asp481, and Glu532 of honeybee trehalase (AmLG2 in Fig. 3 ).
Some reports have suggested the possibility that other functional groups are also involved in catalysis together with the carboxy group. In rat intestinal trehalase, carboxy and thiol groups involved in the catalytic reaction have been suggested by the kinetic analysis of the interaction between trehalase and various inhibitors; 37) in trehalase of lady beetle Harmonia axyridis, a histidine residue, by modification of the enzyme; 38) and in trehalase of moth larvae, Spodoptera frugiperda, an Arg residue, by pK a and inhibition experiments. 39) As shown in Fig. 3 , however, His or Cys residue is not conserved in GH37 enzymes, while some Arg residues are conserved (Arg181, 228, 234, and 339 in honeybee trehalase). This supports the inference that the two carboxy groups of Asp and/or Glu residues are responsible for the catalytic reaction. 13) Secondary structure prediction on the PSIPRED server 40) suggested that the trehalase was made up mainly of 14 -helices (Fig. 3) . According to the prediction, 41) GH37 has an ð=Þ 6 -barrel core structure, as well as GH15, GH65, and GH94, where 6 loops situated at the C-terminal extensions of odd numbers of the helices form the shape of the active site of the enzymes. Moreover, by analogy with the ð=Þ 6 -folded carbohydrolases, it has been The amino acid sequences of precursors from European honeybee A. mellifera encoded on LG2 and LG14 (AmLG2 and AmLG14, respectively; this study and reference 16), silkworm (soluble trehalase-1, 33) BmTre1, bound trehalase-2, 7) BmTre2), human, 34) rabbit, 22) mealworm beetle Tenebrio molitor 35) (Tm), brine shrimp Artemia franciscana, 19) and E. coli. 36) Amino acids conserved in 7 or more sequences are shaded in gray. Cleavage sites of the N-terminal signal sequence are indicated by arrowheads, and the reported N-termini in the other sequences are boxed. The conserved acid residues are indicated by closed circles. Putative N-glycosylation sites in AmLG2 are shown by asterisks, of which those shared with other enzymes are indicated by double asterisks. The C-Terminal hydrophobic regions, some of which are defined as transmembrane regions, are boxed. The predicted -helices and -strands are indicated by double-lines and arrows, respectively. postulated that two acidic residues located on the loops 5 and 11 are responsible for the catalytic acid and base, respectively, as proven in GH15, GH65, and GH94 enzymes. In honeybee trehalase, when the helices 3 to 14 are considered to constitute the ð=Þ 6 -barrel core, Asp335 and Glu532 residues are most likely to be the acid and base catalysts, respectively.
The honeybee trehalase possesses a hydrophobic region on the C-terminal side of the amino acid sequence (Fig. 1) , as observed in the membrane-bound trehalases in silkworm B. mori (trehalase-2), 7) brine shrimp A. franciscana, 19) rabbit, 22) and human 34) ( Fig. 3) . The hydrophobic sequence of the honeybee trehalase is particularly closely similar to that of B. mori trehalase-2, implying that this sequence of honeybee LG2 trehalase might be a transmembrane domain, and might have a role in anchoring the trehalase to the membrane by penetration. The other potential GH37 honeybee trehalase coded in LG14 possesses no hydrophobic domain in the corresponding C-terminal region (Fig. 3) , and tentatively might be the soluble trehalase, although no experimental evidence has not yet been obtained. There is still a possibility that another gene encodes the soluble trehalase having too low similarity to the GH37 and GH65 trehalases.
Production of recombinant enzyme First, it was attempted to produce the recombinant trehalase in E. coli. The full-length cDNA was constructed by overlapping PCR from the four fragments of cDNA. The expression plasmids containing the cDNA to encode trehalase with and without its own signal sequence were constructed on pET23d and pET11d (Novagen, Darmstadt, Germany). The E. coli BL21(DE3) CodonPlus RIL (Stratagene) transformants were fermented in the presence of 1 mM isopropylthiogalactopyranoside at 30 and 37 C, but no activity in the cell-free extract and no protein band by SDS-PAGE analysis of the cells was observed, indicating that the recombinant trehalase was not produced in E. coli cells for unknown reasons. Therefore, the P. pastoris-pPICZ system was employed to produce recombinant trehalase. The recombinant enzyme having the signal sequence of Saccharomyces cerevisiae -factor at the N-terminus instead of the original signal sequence of honeybee trehalase was designed as two proteins with and without a His-tag at the C-terminus. We optimized conditions to induce the enzymes. When the initial cell density (A 600 ) was 20 and 2, the tag-free protein was secreted up to 3.2 and 1.8 U/ml, respectively, by fermentation in BMMY for 135 h at 30 C. The His-tagged protein exhibited lower activities of approximately 30%, regardless of the initial cell density, and so the non-tagged enzyme was selected for further experiments. More experiments are necessary in high production of His-tagged trehalase. P. pastoris transformed with intact pPICZA produced negligible activity of 1:7 Â 10 À3 U/ml in the culture supernatant. The fermentation temperature at 25 C resulted in a higher yield of the non-tagged protein by 1.7-fold, and the BMMH medium had little effect on the yield of activity. P. pastoris transformant produced 383 U in the BMMH medium (75 ml) by fermentation for 135 h at 25 C.
Recombinant trehalase
The enzyme was purified to homogeneity by DEAE Sepharose FF anion-exchange and Sephacryl S-100 gel permeation chromatographies in 68% yield. The purified recombinant trehalase was 0.55 mg (262 U), which was calculated from the amino acid contents and the theoretical mass, and exhibited as only protein part of the enzyme. By the phenol-sulfuric acid method, the sugar content of the enzyme was 15% as mannose, while the honeybee trehalase contained 3% carbohydrate. 13) The M r of the recombinant trehalase was estimated to be 76,000 by SDS-PAGE (Fig. 4) . The enzyme was subjected to deglycosylation by endoglycosidase H in the intact state, resulting in three protein bands of 62,000, 64,000, and 67,000, while only the protein of 62,000 appeared by the deglycosylation of the enzyme denatured by boiling for 3 min in 0.05% SDS in advance. This suggests that the sugar chains attached on some of the 6 potential N-glycosylation sites are unsusceptible to cleavage by the deglycosylation of intact enzyme due to steric hindrance dependent on the three-dimensional structure. The N-terminal amino acid sequences of the recombinant protein blotted onto a PVDF membrane using the ProSorb apparatus and the deglycosylated protein of M r 62,000 transferred electrophoretically onto the membrane were both ascertained to be EAEAEFEKPS. That indicates that the -factor signal sequence was cleaved off at the Kex2 cleavage site, and that the sequence of the mature trehalase was the same as the honeybee enzyme except for 6 extra residues derived from the joint part of the vector. The recombinant trehalase showed the maximum hydrolytic activity at pH 7.0 toward 5.8 mM trehalose, and was stable in the range of pH 5.0-10.5 at 4
C for 24 h. The 3 , 0.6 mg). Electrophoresis was done in 10% gel, and proteins were stained with CBB. activity was stable under incubation at 40 C or lower for 15 min. The kinetic parameters, k cat and K m , for trehalose were determined to be 662 AE 2:6 s À1 and 0:52 AE 0:017 mM, respectively. These data are consistent with those of the honeybee trehalase. 13) Therefore, it was concluded that the recombinant trehalase produced in P. pastoris was essentially the same as the native trehalase of the European honeybee, despite the difference in the amount of sugar chain contents.
